Rationale: Although the fibroblast growth factor (FGF) signaling axis plays important roles in heart development, the molecular mechanism by which the FGF regulates cardiogenesis is not fully understood.
C ardiovascular disease is the most prevalent disease, affecting more than 80 million people in America alone. 1 Mammalian hearts only have a very limited ability to regenerate, which prevents functional repair and restoration of diseased hearts. Stem cell therapies, including using embryonic stem cells (ESCs), induced pluripotent stem cells, and cardiac progenitor cells, have been implicated in heart repairs. Yet, how to induce differentiation of these cells into needed, fully functional cell types remains a major challenge. Understanding the underlying molecular mechanisms by which the cardiac progenitor cell formation, self-renewal, and differentiation are controlled is essential for developing stem cell therapy for cardiovascular diseases. In mammals, the majority of heart cells are derived from two heart fields, the first and second heart fields (FHF and SHF). Initially, the cardiomyocytes originated from the FHF form a single heart tube, which then undergoes rightward looping, expansion, and formation of recognizable cardiac chambers. At the start of looping and throughout the process, cells from the pharyngeal and splanchnic mesoderm (SM) are recruited to the heart, which are collectively designated as the SHF. [2] [3] [4] Editorial, see p 524
The fibroblast growth factor (FGF) family consists of 18 receptor-binding members that regulate a broad spectrum of cellular activities. 5 The FGF signaling axis has been implicated in heart progenitor development, recruitment, and differentiation; disruption of FGF signaling leads to severe defects in heart development. 6 -12 The FGF elicits its regulatory signals via activating the FGF receptor (FGFR) tyrosine kinases encoded by 4 highly homologous genes. FGF receptor substrate 2␣ (FRS2␣) is a broadly expressed membraneanchored adaptor protein that is required for the FGFR to activate the MAP and PI3 kinase pathways, the 2 major pathways in the FGF signaling cascade. [13] [14] [15] Frs2␣ null embryos die between embryonic (E) 7.0 -7.5 days. 16 Ablation of Frs2␣, or double ablation of Fgfr1/Fgfr2, in heart progenitor cells disrupts the endothelial-to-mesenchymal transition (EMT) of the endocardium and the deployment of neural crest cells (NCC) to the outflow tract (OFT), resulting in OFT alignment and septation defects. 9 Similarly, ablation of Fgf8 also leads to OFT alignment and septation defects. 8 Recently, we also showed that FGF signaling in the OFT myocardium controls NCC differentiation in OFT cushions and regulates the formation of OFT valves. 10 Disrupting FGF signaling in the anterior heart field (AHF) in chicken causes premature differentiation of the AHF. 17, 18 In addition, a number of signaling molecules or transcriptional factors, including BMP, Wnt, Tbx1, Notch, Hh, Nkx2.5, FAK, Vangl2, and Isl1, have been implicated in SHF development. 2, 3, 19 Among them, Tbx1, Notch1, Isl1, BMP, and Wnt have been shown to regulate SHF progenitor cell differentiation. 20 -24 The FGF signaling axis has been shown to serve as a downstream pathway of Tbx1, Notch1, and Wnt signaling during SHF development [25] [26] [27] or upstream regulators for Isl1 and BMP4 in the SHF. 9 These studies demonstrate a central role of FGF signaling in regulating SHF progenitor cell differentiation, although how FGF signals regulate cardiac differentiation is still not well understood.
Autophagy is a lysosomal-mediated "self-digestion" process for degrading and recycling various cellular constituents, such as long-lived proteins and entire organelles. Autophagy initiates with the formation of autophagosomes by fusing double-membrane vesicles with sequestrated cellular constituents. 28, 29 Autophagosomes then fuse with lysosomes to form autolysosomes, where the contents are degraded via acidic lysosomal hydrolases. As a self-digestion system, autophagy may influence cell differentiation by providing new building blocks for formation of new protein or organelle, making ways for new cellular apparatus, or accelerating turnover of old protein or organelles. 30 However, no direct evidence of autophagy in regulating cell differentiation is available.
We showed that ablation of the FGFR1/2-FRS2␣ signaling axis in mouse heart progenitor cells led to premature differentiation of SHF cells. By using embryoid bodies (EBs) derived from mouse ESCs and in vitro cultures of embryonic heart explants, we demonstrated that FGF signaling promoted ESCs undergoing mesoderm differentiation in early stages, but inhibited cardiomyocyte differentiation at late stages. We further demonstrated that FGF signaling suppressed cardiac progenitor cell differentiation by inhibiting autophagy. The results demonstrate a novel mechanism by which the FGF regulates cardiogenesis and shed new light on understanding how stem/progenitor cells undergoing cardiomyocytes differentiation is regulated.
Methods

Animals
All animals were housed in the Program for Animal Resources of the Institute of Biosciences and Technology, and were handled in accordance with the principles and procedures of the Guide for the Care and Use of Laboratory Animals. All experimental procedures were approved by the Institutional Animal Care and Use Committee. The mice carrying Frs2␣ flox , Fgfr1 flox , Fgfr2 flox , Mef2c Cre , Nkx2.5 Cre , and GFP-LC3 transgenic alleles, as well as the R26R knock-in alleles, were bred and genotyped as described. [31] [32] [33] [34] [35] [36] [37] The embryos or hearts were excised at the indicated stages, fixed with 4% paraformaldehyde-PBS for 0.5-2 hours, and paraffin embedded. The sections were rehydrated and hematoxylin and eosin-stained for histological analyses. For chloroquine suppression assay, pregnant females were intraperitoneally injected with 4.5 mg/100 g body weight of chloroquine (Sigma, St Louis, MO) at 9.5 days after copulation as described. 38 The mice were euthanized 2 hours after the injection; the embryos were collected and fixed with 4% paraformaldehyde-PBS for 0.5-2 hours followed by paraffin embedding.
Short-Term Whole-Embryo or Heart Cultures
E8.5 mouse embryos were dissected in PBS, leaving the yolk sac intact. Embryos were cultured (37°C, 5% CO2) in 12-well plates containing 1 mL medium (DMEM: FBSϭ1:1) for 16 -24 hours and then dissected in PBS, fixed for immunostaining. For embryonic heart cultures, the hearts were dissected at E11.5 in PBS and cultured at 37°C in 12-well plates containing 1 mL medium (DMEM: FBSϭ9:1) as described. 39 Two days later, the hearts were collected for RNA isolation. Inhibitors for FGFR (PD166866) and ERK1/2 kinase (SL327) were from EMD Chemicals Inc (Gibbstown, NJ). PI3K inhibitor (LY294002) was from Cell Signaling (Beverly, MA). Bafilomycin A1 was from LC Laboratories (Woburn, MA). Although the embryo morphology often had slight changes after inhibitor treatments, the embryos were mounted and sectioned at the same orientation for analyzing the structures of the OFT, ventricle, splanchnic mesoderm, and pharyngeal endoderm.
Immunostaining and LacZ Staining
Immunostaining was performed on 5-m sections mounted on Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA). The antigens were retrieved by incubating in the citrate buffer (10 mmol/L) for 20 minutes at 100°C or as suggested by manufacturers of the antibodies. The sources and concentrations of primary antibodies are: anti-smooth muscle actin (1:1) from Sigma (St Louis, MO); anti-SRF (1:1000); anti-p-Histone H3 (1:500) and anti-cyclin D2 (1:500) from Santa Cruz (Santa Cruz, CA); anti-sarcomere myosin MF20 (1:50) and anti-Isl1 (1:500) from Developmental Studies Hybridoma Bank (Iowa City, IA); anti-Complex V beta subunit (1:100) from Invitrogen (Carlsbad, CA). The specifically bound antibodies were detected with HRP-conjugated secondary antibody (Bio-Rad Co, Hercules, CA) and visualized using TSA Plus Fluorescence Systems from PerkinElmer (Boston, MA) on a Zeiss LSM 510 Confocal Microscope. For LacZ staining, the cells were first lightly fixed with 0.2% glutaraldehyde for 30 minutes and then incubated overnight with 1 mg/mL X-Gal at room temperature. For whole-mount immunostaining, embryos were fixed and permealized in methanol/DMSO (4:1) overnight at 4°C. Embryos were then rehydrated and treated with PBT solution (PBS ϩ0.3% Triton X-100). MF20 antibody was applied and incubated overnight at 4°C with rocking. The embryos were then washed with the PBT.3 solution and incubated with peroxidase conjugated second antibody. After being washed with PBT solution, specifically bound antibodies were visualized by peroxidase staining. At least 3 samples were used for each group. 
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Embryoid Body Differentiation
The EB culturing was carried out as described elsewhere. 20 Briefly, mouse embryonic stem cells (1000) were cultured in hanging drops (20 L) as aggregates in DMEM containing 10% FBS placed in drops on the lid of Petri dishes. The lids were inverted and placed on the dishes filled with PBS. After 2-day culturing, the formed EBs were resuspended in Ultralow attachment dishes, followed by suspension culture for 4 days. The EBs were then transferred onto a gelatin-coated plate for further differentiation cultures. For siRNA knockdown assays, the EBs were treated with 25 nmol/L BECN-1 (CAG TTT GGC ACA ATC AAT A) or ATG7 (GTT TGT AGC CTC AAG TGT T) siRNA at day 6, followed by cultured at 37°C for 2 more days. The cell were lysed for real-time RT-PCR analyses. All RNAi oligoribonucleotides and DharmaFECT transfection reagents were purchased from Dharmacon (Boulder, CO).
Quantitative RT-PCR Analyses
Total RNA was extracted from fresh or in vitro cultured tissues with the Bioopure Kit (Bioo Scientific Co, Austin, TX). Reverse transcriptions were carried out with SuperScript II (GIBCO/BRL, Life Technologies, Grand Island, NY) enzymes and random primers according to manufacturer's protocols. Real-time RT-PCR analyses were carried out with the SYBR Green JumpStart Taq ReadyMix (Sigma, St Louis, MO) as suggested by the manufacturer. The primer sequences are:␣-MHC-1 (TGT TAA GGC CAA GGT CGT G) and ␣-MHC-2 (GCA TGT ACT GAT AGG CGT TGT); SMA-1 (TGA CGC TGA AGT ATC CGA TAG) and SMA-2 (GCC AAG TCC AGA CGC ATG A); SKA-1 (ACT TCC TAC CCT CGG CAC CC) and SKA-2 (AGT CAT CTT CTC CCG GTT AGC); CAA-1 (AGA GCT GTC TTC CCG TCC AT) and CAA-2(ATG AGT TAC ACC ATC GCC AGA); SRF-1 (GCA CAG ACC TCA CGC AGA CCT) and SRF-2 (AGC TTG CTG CCC TAT CAC A); Nkx2.5 to 1 (CAA AGA CCC TCG GGC GGA TAA) and Nkx2.5 to 2 (GCA TTG AGA CCC ACG CCG TAG); GATA4-1 (GGG ACG GGA CAC TAC CTG T) and GATA4-2 (AGT GGC ATT GCT GGA GTT ACC); BECN1-1 (GTA CCG ACT TGT TCC CTA TG) and BECN1-2 (TGC CTC CAG TGT CTT CAA TC); ATG7-1 (GCC TGT TCA CCC AAA GTT CT) and ATG7-2 (TTC AGA CAG TCT CCT CGT CA). Relative abundances of the mRNA were calculated using the comparative threshold (CT) cycle method and normalized with GADPH. Data derived from at least 3 independent experiments are expressed as fold of differences between experimental and control samples.
Transwell Migration Assay
The pharyngeal arches dissected from E8.75 embryos were minced in the MSS buffer, followed by extensively rinsing with the same buffer. After being digested with 0.25% trypsin in PBS for 10 minutes at 37°C, the samples were triturated to obtain single-cell suspensions, followed by filtering with cell strainer. The cells were pelleted by centrifugation at 300g for 2 minutes and resuspended in DMEM with 15% FBS. The cells were then placed on transwell filters (Corning Costar, Corning, NY) and cultured at 37°C for 24 hours. The medium was replaced with serum-free DMEM in transwell inserts and serum-containing medium in the chamber to provide a chemoattractant gradient. One or 2 days later, LacZ staining was performed. LacZϩ cells were counted as the SHF derived cells. The nonmigrated cells on the upper surface of the filter were then removed with a cotton swab; the migrated MF20-positive cells on the lower surface were counted.
Statistical Analysis
All experiments were repeated at least 3 times. Data are expressed as means and standard deviations. Student t test (tailsϭ2, typeϭ1) was performed on the basis of at least 3 individual experiments, and PՅ0.05 was considered significant.
Results
Disruption of FGF Signaling Leads to Premature Differentiation of SHF Progenitor Cells
Tissue-specific ablation of the FGF signaling axis in heart progenitor cells with the Nkx2.5 Cre or Mef2c Cre driver compromises participation of the SHF in the OFT, reduces the size of the OFT, and affects OFT valve formation. 9, 10 To investigate the molecular mechanism by which the FGF signaling axis regulated heart progenitor cell patterning in the OFT, the embryos with Fgfr1/Fgfr2 double conditional inactivation by the Nkx2.5 Cre driver (Fgfr1/r2 Nkx ) were subjected to detailed immunohistological analyses. In control embryos, the cardiomyocyte differentiation markers sarcomeric ␣-actin (Sar) and smooth muscle ␣-actin (SMA) were not expressed in the SHF cells until they migrated into the OFT myocardium. In mutant embryos, however, both Sar and SMA were expressed in SHF progenitor cells that still resided in the SM ( Figure 1A ). The results are in line with recent reports that FGF signaling is required to prevent chick SHF premature differentiation. 17, 18 Individual ablation of Fgfr1 or Fgfr2 did not change SMA and Sar expression patterns ( Figure 1B) , indicating that FGFR1 and FGFR2 redundantly mediated FGF signaling to maintain SHF progenitor cells in the undifferentiated stage. FRS2␣ is a common adaptor protein for FGFRs, which links multiple downstream pathways to FGFR kinases. To investigate whether FRS2␣ was required to repress differentiation of SHF cells, Nkx2.5 Cre -mediated Frs2␣ conditional null (Frs2␣ cn/Nkx ) embryos were subjected to the same analyses to determine whether Sar and SMA were expressed in the SHF at the same stage. Similar to Fgfr1/Fgfr2 double ablation, ablation of Frs2␣ in heart progenitors caused ectopic expression of Sar and SMA in the SHF, suggesting that FRS2␣ mediated FGF signals to regulate SHF differentiation ( Figure 2A ). The serum response factor (SRF) plays key roles in cardiomyocyte differentiation, and its expression is increased after onset of the cardiomyocyte differentiation. 40 Consistent with ectopic expression of Sar and SMA, SRF expression was also increased in the SM of Frs2␣ cn/Nkx embryos (Figure 2A ). Furthermore, whole-mount immunostaining with the MF20 monoclonal antibody that recognized both light and heavy chains of myosin revealed that myosin expression in the SHF was dramatically increased in Frs2␣ cn/Nkx embryos ( Figure 2B ). Quantitative real-time RT-PCR analyses with RNA isolated from E9.5 pharyngeal arches revealed that SMA, cardiac ␣-actin (CAA), skeletal ␣-actin (SKA), and GATA4 were significantly increased in Frs2␣ cn/Nkx embryos ( Figure 2C ). Since these molecules are associated with cardiomyocyte differentiation, the results suggest that FRS2␣ is required for preventing cardiac differentiation of the SHF.
Ablation of Frs2␣ in the SM with Mef2c Cre also led to expression of Sar and SMA in the SHF ( Figure 2D ), indicating that FRS2␣-mediated signals prevented SHF differentiation in a cell autonomous mode. Ablation of Frs2␣ compromises the cell migration activity at E12.5 during OFT cushion remodeling. 10 To determine whether FRS2␣-mediated signals were required for cell migration activity in the SHF at early stages, pharyngeal arch cells were isolated from E8.75 Mef2c Cre -ROSA26 embryos for cell migration assays. Because the ROSA26 reporter allele remained silent until it was activated by Mef2c Cre in the SHF, only SHF-derived cells were stained blue in the assay. Transwell analyses showed the deletion of Frs2␣ did not significantly reduce the number of cells migrating through the membrane at this stage ( Figure  2E ), indicating the migration activity was not affected. Thus, the results demonstrate that ectopic appearance of cardiac marker-expressing cells in the SHF is not caused by migration failure of differentiated SHF cells, but is caused by premature differentiation of SHF progenitors prior to migrating to the OFT.
FRS2␣-Mediated Signals Regulate SHF Progenitor Cell Differentiation Independent of Proliferation Activity
The Frs2␣ cn/Nkx embryos exhibit low proliferation activities in the SHF. 9 To determine whether the SHF premature differentiation was caused by the reduced proliferation activity, ex vivo cultured embryos were treated with excessive thymidine to induce cell cycle arrest at the beginning of the S phase. Immunostaining revealed that the thymidine treatment significantly reduced expression of cyclin D2 required for the G1/S transition in the cell cycle ( Figure 3A ). Yet, the treatment did not induce premature myosin expression in the SHF, as revealed by immunostaining with the MF20 antibody ( Figure  3B) , indicating that suppressing cell proliferation did not induce SHF differentiation. Thus, it appears that FGF signals regulate SHF progenitor cell differentiation independent of cell cycle progression.
FRS2␣ has multiple tyrosine phosphorylation sites and links FGF signaling to the MAPK and AKT pathways. To test whether the 2 pathways were involved in regulating SHF differentiation, ex vivo cultures of E8.5 embryos were treated with MEK1/2 or PI3K inhibitors. Immunostaining of embryo sections demonstrated that both MEK and PI3K inhibitions induced ectopic expression of SMA and myosin in the SHF ( Figure 3C ), suggesting that both MAPK and PI3K/AKT pathways were required to prevent SHF premature differentiation.
To further investigate the mechanisms by which FGF signaling regulated SHF differentiation, SHF cells were isolated from E9.5 pharyngeal arches for in vitro differentiation assays in the presence or absence of FGF2 treatment. Isl1 is a transcription factor transiently expressed in SHF progenitors. Because Isl1 expression is quickly downregulated in differentiating SHF cells, it is often used to identify undifferentiated SHF cells. 41, 42 Immunostaining showed that no Isl1 ϩ progenitor cells were detected after 3-day culture in the absence of FGF2 ( Figure 4A , a), indicating that no undifferentiated SHF cells remained in the culture. However, in the presence of FGF2, there were still many Isl1 ϩ undifferentiated SHF cells in the culture (Figure 4A, b) . On the other hand, treating the cells with FGFR, MAPK or PI3/AKT inhibitors significantly increased myosin expression in the SHF cultures as revealed by immunostaining with MF20 antibody, indicating that inhibition of FGFR, MAPK, or 
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Circulation Research February 17, 2012 PI3K/AKT promoted SHF undergoing myocardial differentiation ( Figure 4B and 4C) . Collectively, the data demonstrate that FGF signaling inhibits cardiac differentiation of heart progenitor cells.
FGF Signaling Promotes ESCs to Undergo Mesoderm Differentiation But Inhibits the Mesoderm Cells to Undergo Cardiac Differentiation
Because it was difficult to expand the SHF progenitor cells in vitro for further experiments, the well-established hangingdrop culture of ESC-derived EBs was used to investigate the mechanism by which the FGF regulated cardiac differentiation. In this culture system, the ESCs undergo mesenchymal differentiation and commit to the cardiac lineage within the first 4 days; by day 5, the cells start to undergo cardiac differentiation and form beating foci at later stages ( Figure  5B ). 20 To investigate the role of FGF signaling in these 2 stages, the EB cultures were treated with the FGFR inhibitor at the early mesenchymal commitment stage or at the late cardiac differentiation stage. About 25% of EBs exhibited spontaneous contraction at day 8. The ratio of beating foci was gradually increased over the time. When treated with the FGFR inhibitor at days 0 -4, the number of beating foci was significantly reduced, although formation of EBs was not affected ( Figure 5A ). As expected, the expression of mesoderm marker Brachyury (T), as well as early cardiac markers Nkx2.5, Tbx5, and Tbx1 were reduced by treating with the FGFR inhibitor ( Figure 5B ), which was consistent with the previous report. 43 Together, the data indicate that FGF signaling promotes the mesoderm formation and cardiac lineage commitment.
However, treating the EB cultures with FGF2 at day 6 and forward significantly inhibited beating focus formation, and treating the EBs with the FGFR, MEK, or PI3K inhibitor at this stage increased the number of beating foci ( Figure 5C ). Moreover, Western analyses revealed that expression of myosin and Sar in EBs was reduced by FGF2 and increased by FGFR inhibitor treatment at this stage ( Figure 5D ). Real-time RT-PCR analysis further confirmed that SMA and CAA expression was increased by FGFR, MAPK, or PI3K inhibitors but decreased by FGF2 treatments ( Figure 5E ). Thus, similar to in vivo cardiogenesis results, the data again indicate that the FGF signaling axis suppresses cardiac differentiation of cardiac progenitor cells.
FGF Signaling Suppresses Differentiation of Cardiac Progenitor Cells During Cardiogenesis Through Inhibition of Autophagy
We next tried to identify downstream effectors of the FGF signaling axis involved in suppressing cardiac progenitor premature differentiation. Tbx1 is a negative regulator of SHF differentiation, 20 but its expression in the pharyngeal arches was not affected by Frs2␣ deletion (Figure 2C ). Isl1 is transiently expressed in undifferentiating SHF cells 41 and promotes SHF cell differentiation, 21 however, Isl1 expression in decreased in the SHF of Frs2␣ cn embryos. 9 Although BMP4 promotes SHF differentiation, 17, 18, 24 expression of BMP4 is reduced in the Frs2␣ mutant SHF. 9 This suggests that FGF suppresses SHF differentiation independent of these molecules/pathways. Autophagy, which can be downregulated by the FGF in mouse embryo fibroblasts via the mTOR pathway, 44 has been proposed to regulate cell differentiation. 30 The conversion of microtubule associated light chain 3 (LC3) from the unlipidated LC3-I to lipidated LC3-II is a broadly used autophagy indicator. 45, 46 To test whether FGF signaling regulated autophagy in EBs, the abundance of LC3-II in EBs was evaluated in the presence or absence of FGFR inhibitors. Apparently, inhibiting FGFR activity increased the abundance of LC3-II ( Figure 6A, a) . Increased LC3-II abundance can be resulted either from enhanced LC3-I to LC3-II conversion or from reduced degradation of LC3-II, which reflects enhanced autophagic initiation or reduced autophagosome turnover, respectively. 45, 46 To determine the nature of changes in LC3-II abundance, the EB cultures were treated with NH 4 Cl, a lysozyme inhibitor, to block LC3-II degradation. The results showed that inhibiting FGFR kinase increased LC3-II abundance when LC3-II turnover was blocked ( Figure 6A, a) . The results ruled out the possibility that increased LC3-II abundance was due to decreased degradation, and indicated that LC3-II conversion, and therefore autophagy initiation, was increased by inhibiting FGF signaling. In addition, the abundance of 2 key autophagy regulators, Beclin1 and p27, were increased in the presence of the FGFR inhibitor ( Figure 6A, b) . The results indicate that FGF signaling suppresses autophagy in EBs.
To determine whether autophagy played a role in myocardial differentiation of EB cells, the EB cultures were treated with autophagy inhibitors, NH 4 Cl or bafilomycin A1, or the autophagy promoter rapamycin, and the myocardial differentiation 
Figure 6. FGF signaling axis inhibits ESCs undergoing myocardiac differentiation via suppressing autophagy. A, EB cultures of mouse
ESCs were treated with 250 nmol/L FGFR inhibitor from day 6. The abundance of LC3, Beclin 1, and P27 was analyzed by Western blot at day 7. B, EB cultures were treated with 100 nmol/L rapamycin, 5 mmol/L NH 4 Cl, 5 nmol/L bafilomycin A1, 250 nmol/L FGFR inhibitor, 25 ng/mL FGF2 as indicated, or the indicated combinations, and the beating foci were scored at day 8. Data are meanϮSD of 3 independent experiments. C, EB cultures were treated with 5 mol/L MEK inhibitor or 3 mol/L PI3K inhibitor from day 6. The abundance of LC3, Beclin 1, and P27 was assessed with Western blot (a and b) , and the beating foci were counted from three independent experiments and expressed as meanϮSD (c). D, EB cultures were treated with siRNA at day 6 and the cells were lysed at day 8. Expression of the indicated molecules were assessed by real-time RT-PCR analyses. E, E8.5 embryos were cultured in the presence or absence of 100 nmol/L rapamycin, and the expression of SMA and myosin was analyzed with immunostaining. Beta-actin was used as a loading control. Rap indicates rapamycin; NH 4 , NH 4 Cl; BECN1, Beclin 1; and BFA, bafilomycin A. *PՅ0.05. was assessed ( Figure 6B ). The data showed that the treatment of autophagy inhibitor significantly inhibited formation of beating foci, whereas the treatment of autophagy promoter increased formation of beating foci. Furthermore, treating with NH 4 Cl blocked the enhancement of beating focus formation by FGFR inhibitors, and treating with rapamycin abolished the suppression activity of FGF2 on beating focus formation.
To determine which pathway mediated FGFR signals to regulate autophagy in the EBs, the EBs were treated with either ERK or PI3K inhibitors at day 6. Western blot revealed that treating with either ERK or PI3K inhibitor increased autophagy activities, evidenced by increased LC3-II abundance. Interestingly, treating the EBs with the PI3K, but not ERK, inhibitor upregulated expression of Beclin1 and p27, although inhibition of either the MAPK or AKT pathway promoted beating focus formation ( Figure 6C ). Knockdown of Beclin1 or ATG7 in EBs suppressed expression of cardiac ␣-actin and smooth muscle ␣-actin ( Figure 6D ). Treating ex vivo cultured E8.5 embryos with rapamycin induced premature expression of SMA and myosin in the SHF ( Figure 6E ). Consistently, ablation of Frs2␣ significantly increased numbers of green fluorescent protein (GFP)-LC3 positive punctate foci in the OFT myocardium of Frs2␣ cn/Nkx embryos carrying a GFP-LC3 transgenic allele encoding a GFP-LC3 fusion protein ( Figure 7A) , especially in the presence of chloroquine, a lysosome inhibitor ( Figure 7B ). The results demonstrate that the formation of autophagosomes is increased in differentiating cardiomyocytes of mutant embryos. Double immunostaining with GFP-LC3 and Complex V beta subunit antibodies revealed that only a fraction of autophagosomes contained mitochondria ( Figure 7C ). Further efforts are needed to characterize the contents of other autophagosomes. Together, the results suggest that FGF signaling suppresses cardiomyocyte differentiation by inhibiting autophagy.
FRS2␣-Mediated Signals Also Inhibit Maturation of Ventricular Cardiomyocytes and Differentiation of Cardiac Mesenchymal Cells
It has been shown that ablation of multiple FGFs in the heart suppresses proliferation and promotes myocardial differentiation. 39 Consistently, immunostaining analyses also demonstrated that ablation of Frs2␣ significantly reduced proliferation in the ventricular myocardium at E12.5 ( Figure 8A ), resulting in a thinner ventricular wall in Frs2␣ cn/Nkx embryos than in the controls ( Figure 8B ). Furthermore, both immunostaining and Western blot analyses revealed that ablation of Frs2␣ resulted in increased Sar and myosin expression, indicating that FGF signaling suppressed cardiomyocyte maturation ( Figure 8C and 8D). To investigate whether autophagy regulated myocardium maturation, the heart explants were treated with autophagy inhibitor or activator. Activation of autophagy by rapamycin enhanced expression of MHC, CAA, SMA, SRF, and GATA4 ( Figure 8E ). On the other hand, inhibition of autophagy by NH 4 Cl decreased expression of these molecules. Consistently, treating Frs2␣ cn/Nkx hearts with NH 4 Cl reduced expression of MHC and CAA, indicating that the myocardial maturation was suppressed ( Figure 8F ). In addition, FGF2 also exhibited a similar inhibitory function on cardiac mesenchymal cell differentiation, which was isolated from newborn hearts ( Figure 8G ). Together, the results indicate that FRS2␣-mediated signaling also inhibits ventricular myocardium maturation through regulating autophagy.
Discussion
Although the FGF is a key regulator in cardiogenesis, how FGF signaling regulates cardiac stem/progenitor cell differentiation remains to be elucidated, and the role of FGF signaling in cardiogenesis is also controversial. FGF2 has been shown to promote cardiac precursors to differentiate into functional cardiomyocytes in neonatal mouse 47 ; EBs from murine Fgfr1 Ϫ/Ϫ 
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ES cells fail to form contractile cardiomyocyte foci and do not express early and late cardiac markers. 43 On the other hand, FGF signals are required for preventing premature differentiation of cells either in the AHA or in the ventricle myocardium. 17, 18, 39 Here we report that FGF signaling promotes mesoderm differentiation in EBs, but prevents premature differentiation in heart progenitors. We further demonstrate that FRS2␣-mediated pathways are required for the FGF to suppress premature differentiation of heart progenitor cells. Moreover, the activity of the FGF signaling axis to suppress cardiac differentiation is independent of cell proliferation activity and requires autophagy. Suppression of autophagy inhibits cardiomyocyte differentiation of heart progenitors in the SHF and EBs. The FGF-ERK signaling axis has been shown to inhibit differentiation of chicken AHF progenitors. 17, 18 However, mouse and chicken heart progenitor cells have different FGF expression patterns. 17 Also, it was not clear whether the function of FGF signaling in heart progenitor cells is species-specific. Here we used a mouse model to demonstrate that FGF signaling has similar function in mouse heart progenitor cell differentiation as in chicken. Interestingly, although PI3K/AKT signaling is not compromised by ablation of Frs2␣ in the SHF, 9 the data herein demonstrate that PI3K/AKT signaling also inhibits mouse SHF differentiation, suggesting that other signaling may also redundantly activate the PI3K/AKT pathway. The results are different from those derived from chicken SHF progenitor cells. 18 It appeared that inhibiting the ERK or PI3K/AKT individually was less potent than inhibiting the FGFR ( Figure  5C ). Also, the abundance of Beclin 1 and p27 in EBs was increased by PI3K/AKT but not by ERK inhibition (Figure 6C) , indicating that the 2 pathways probably regulated autophagy/ differentiation in heart progenitor cells via nonredundant mechanisms. Indeed, it has been shown that PI3K/AKT regulates autophagy through the mTOR pathway and MAPK through transcription factor EB (TFEB). 44, 48 The data herein suggest that FGF signaling plays biphasic roles in cardiogenesis, depending on the stage of differentiation. In the early stage, FGF signaling promotes mesoderm formation and cardiac lineage commitment, evidenced by that inhibition of FGFR at early stage suppresses cardiac differentiation marker expression. The notion is also supported by previous studies that Fgf8 Ϫ/Ϫ , Fgfr1 Ϫ/Ϫ , or Frs2␣ Ϫ/Ϫ embryos exhibit abnormal mesoderm formation and that FGF10 increases mouse induced pluripotent stem cell differentiation into the cardiac lineage. 49 -52 In addition, inactivation of Fgfr1 dramatically affects the expression of early cardiac transcription factors Nkx2.5, d-Hand, and other mesoderm-related early genes in ES cells. 43 Deletion of the Fgfr homologue, heartless (htl), in Drosophila disrupts the Figure 8 . The FRS2␣-mediated signals in the myocardium promote proliferation and suppress maturation. A, E12.5 embryos were subjected to immunostaining analyses with antiphosphorylated histone H3 and MF20 antibodies. Statistical data from 3 independent experiments are presented in c. Nuclei were counterstained with To-Pro3. Inserts are high-magnification views of the boxed areas. B, Heart sections of E14.5 embryonic were subjected to hematoxylin and eosin staining. The average thickness of compact zones of the ventricle from 5 individual hearts was shown in c. C, Sections from E12.5 embryos were immunostained with anti-Sar and MF20 antibodies. Nuclei were counterstained with To-Pro3. D, Western blot analyses of E12.5 wildtype or Frs2␣ cn/Nkx hearts showed increased expression of Sarcomeric actin and myosin in mutant hearts. ␤-actin was used as a loading control. E and F, E11.5 heart cultures from Frs2␣ floxed (E), or indicated genotype embryos were treated with 100 nmol/L rapamycin or 5 mmol/L NH 4 Cl as indicated, and total RNAs were extracted for real-time RT-PCR analyses. Data were normalized with GAPDH and expressed as folds of changes from control samples. G, Cardiac mesenchymal cells isolated from neonatal hearts were cultured in the presence or absence of FGF2. The cells were then immunostained with anti-SMA antibodies. Nuclei were counterstained with hematoxylin. Average ratios of SMA-positive cells from 3 individual experiments are shown in c as meanϮSD. MHC indicates myosin heavy chain. *PՅ0.05. cardiac mesoderm formation. 53, 54 After cardiac lineage commitment, FGF signaling inhibits cardiac progenitor cell differentiation, which is supported by the most recent study that FGF signaling inhibits chick AHF differentiation. 17, 18 Interestingly, early work also demonstrates that cardiomyocyte development during tubular stages of cardiogenesis is FGF signalingdependent but becomes FGF-independent after the second week of embryogenesis. 55 In consistence, it has been reported that Wnt signaling, which acts as the upstream regulator of FGF signaling during SHF development, also has similar biphasic effects in regulating ESC differentiation. 22, 56 Autophagy is one of the major cellular pathways to degrade bulky subcellular organelles and macromolecules to make way for new organelles or to provide nutrition and needed building blocks for formation of new cellular apparatus, and plays important roles in development, metabolism, tumorigenesis, and cardiovascular diseases. 57 However, how autophagy contributes to development is not understood, although it has been proposed that autophagy may influence cell differentiation either by impairing new protein synthesis or new organelle formation or by accelerating turnover of old proteins or organelles. Although detailed molecular mechanisms still must be investigated, we have provided the first evidence that autophagy positively regulated cardiac progenitor cell differentiation and cardiomyocyte maturation.
In summary, the FGF signaling axis plays a biphasic function in cardiogenesis: it promotes cardiac lineage determination at early stages and suppresses premature differentiation at late stages. This is the first report showing that the autophagy plays a crucial role in mediating growth factor signaling pathways in regulating heart progenitor differentiation. Thus, this study will facilitate the developments of novel strategies to manipulate cardiomyocyte development from ESCs for therapeutic applications.
